TfPorder to study the sequence specificity of double-strand DNA cleavage by Drosophila topolsomerase II, we have mapped and sequenced 16 strong and 47 weak cleavage sites In the recombinant plasmid pir25.1. Analysis of the nucleotide and dinucleotide frequencies 1n the region near the site of phosphodiester bond breakage revealed a nonrandom distribution. The nucleotide frequencies observed would occur by chance with a probability less than 0.05. The consensus sequence we derived 1s 5'GT.A/TAY+ATT.AT..G 3', where a dot means no preferred nucleotide, Y 1s for pyr1m1d1ne, and the arrow shows the point of bond cleavage. On average, strong sites match the consensus better than weak sites.
INTRODUCTION
DNA topoisomerases catalyze the 1nterconvers1on of topological Isomers of DNA. These enzymes are ubiquitous 1n nature. In procaryotic organisms they are Involved 1n most chromosome functions, Including transcription, replication, daughter chromosome segregation, and recombination (for reviews see ref. [1] [2] [3] . The best characterized topoisomerases are u protein, and DNA gyrase from Escher1ch1a coll, which are prototypes of the two classes of topolsomerase, type I and type II, respectively. In eucaryotes Including yeast, Xenopus, Drosophila, rat and human, type I and type II topoisomerases are known; the nature of the Involvement of these topoisomerases In eucaryotic chromosome function still remains to be established.
Topoisomerases catalyze knotting, unknotting, catenation, decatenation, and supercoiUng and/or relaxation of DNA molecules. In these reactions, strand breakage and joining events are tightly coupled. For all topoisomerases, 1t has been possible to uncouple the breakage/joining events and to observe the DNA cleavage half-reaction. Topoisoraerases cleave DNA and form a covalent DNA/prote1n complex as the cleavage 1s executed (4) (5) (6) (7) (8) (9) . This complex 1s thought to represent an ©IRL Press Limited, Oxford, England.
Intermediate 1n the catalytic cycle of topoisomer Interconversion.
The sites of topolsomerase mediated ONA cleavage are nonrandomly distributed 1n DMA fragments, suggesting that the reaction 1s sequence dependent. Whether the sequence dependence of this reaction reflects that of the catalytic reaction 1s not known; however, cleavage sites must be at least a subset of the sites with which the enzyme Interacts. This view has support In that, for DNA gyrase, not all binding sites are cleavage sites (10) .
Previous studies Indicate that a low level of sequence homology exists between the cleavage sites of a particular topoisomerase (11) (12) (13) (14) . For u protein, the nucleotide 4 bases 5' to the phosphodiester bond which Is cleaved 1s a conserved cytidine residue (12) . In other studies degeneracy 1s observed at all positions near the cleavage site, although nucleotide frequency distributions are nonrandom (13, 14) .
In this work the nucleotide sequence specificity of the Drosophila type II topoisomerase cleavage reaction 1s considered. 16 strong and 47 weak cleavage sites 1n the Insert DMA of the recombinant plasmid pir25.1 (15, 16) were mapped and sequenced. Analysis of nucleotide and dinucleotide frequencies among the cleavage sequences allows the derivation of an 11-base consensus sequence for the region surrounding the cleavage site. Most strong cleavage sites match the consensus In 7 or more positions; most weak sites match the consensus 1n 4, 5 or 6 positions.
This suggests that the level of homology to the consensus sequence may determine the frequency of cleavage at a given site.
MATERIALS AND METHODS
Enzymes and DNA T4 polynucleotide kinase and T4 DNA polymerase were purchased from Bethesda Research Laboratories. Bacterial alkaline phosphatase was from Worthington. Restriction endonuclease E£p_RI was a generous gift of Dr. P.
ModMch. Other restriction enzymes were purchased from Bethesda Research
Laboratories or from New England Biolabs. DrosophUa topoisomerase II was purified according to a previously published procedure (17) . Plasraid DNA was purified by the procedure of Katz et al (18) .
Labeling of DNA 5' ends of DNA fragments were labeled with T4 polynucleotide kinase and Y-32 P-ATP (19) . 3' ends were labeled by T4 DNA polymerase and a-32 PdTTP (20) . Either restriction digested plasmid DNA, or gel purified DNA fragments were substrates for the labeling reactions. After purification of labeled DNA by Isopropanol precipitation, and subsequent restriction digestion to qenerate fragments with a unique end-label, the DNA fragments were separated by electrophoresis 1n agarose or polyacrylamide gels. Gels were autoradiographed to Identify the fragments to be Isolated. DNA from the appropriate gel slices were then electroeluted onto DEAE-cellulose paper (B1o-rad), and eluted from the paper with buffer containing 1 M NaCl (fragments <1 kb) or 3 H sodium acetate (fragments >1 kb). ONA was concentrated by ethanol precipitation.
a-32p-dTTP and phosphate were purchased from Hew England Nuclear. Y-32 P-ATP was synthesized according to a modification of the procedure of Johnson and Walseth (21) . Gel electrophoresis Agarose gel electrophoresis was carried out 1n TPE buffer (36mM Tr1s base, 30 mM NaH2PC>4, 1 mM Na3EDTA, pH 7.7) at a voltage gradient of 2 V/cm with redrculation of buffer. Nondenaturing acrylamide gels were prepared 1n TBE buffer (100 mM THs-borate, 2 mM Na3EDTA, pH fl.3) and were preelectrophoresed prior to use. Sequencing gels and markers were prepared according to the method of Maxam and Gilbert (22) .
Topoisomerase cleavage reactions
Conditions for topoisomerase cleavage reactions were as follows: 1 yl DrosophUa topoisomerase II (0.25 -0.50 mg/ml) was added to a 20 yl reaction mixture containing 10 mM Tr1s-HCl pH 7.9, 50 mM KC1, 0.1 mM Na3EDTA, 10 mM MgCl2. 25-50 yg/ml bovine serum albumin (Pentex), 1.25 mM ATP, and 0.05 -0.10 yg 32 P-labe1ed DNA substrate (lO 4 -^5 cpm). After 3-5 m1n Incubation at 30°C, the reaction was stopped with 1 pi of 10% SDS. Control reactions were carried out with no enzyme added, and by adding 1 yl 0.2 M Na3EDTA to stop the reaction Instead of SDS. The DNA was deproteinized by proteinase K (50 yg/ml, 45 m1n at 45°C). For nondenaturing acrylamide gels, samples were electrophoresed after the addition of marker dyes. For sequencing gel samples, DNA was precipitated by ethanol 1n the presence of 2 M ammonium acetate and 20 yg tRNA, and resuspended In sequencing gel loading buffer.
Other methods DNA sequence analysis utilized software purchased from International Biotechnologies, Inc., and a program designed by us to calculate nucleotide and dinucleotide frequencies.
Densitoroetry was performed using a Zeineh soft laser scanning densitometer.
RESULTS

Mapping and sequencing topolsomerase cleavage sites
Topolsomerase cleavage sites were mapped on the Insert DNA of the recombinant piasmid pit25.1 (15, 16) . This plasmid contains the Drosophila transposable element, P element, and flanking sequence from locus 17C, cloned Into the BamHl site of pBR322 (see map, F1g. 1C).
Regions of the DNA containing strong topoisomerase cleavage sites were DMA fragments are cleaved with a 1.5 to 2.0 fold greater efficiency than the pBR322 fragment (data not shown).
The 3.5S acrylamide gel analysis of topoisomerase cleaved DMA Indicates the presence of numerous strong cleavage sites In the DNA fragments (arrows, F1g. 2). Three regions 1n which strong cleavage sites are found were selected for analysis by sequencing gel. These regions are Indicated 1n F1g. IB, where points of labeling as well as direction and extent of sequencing are shown.
The arrows 1n F1g. 2 point to strong cleavage sites which have been Identified on sequencing gels. These are also Indicated, aligned with the restriction map of F1g. 1C, by the vertical slash marks In Fig. 1A .
The autoradiograph of a sequencing gel showing prominent topoisomerase cleavages, and densitometric tracing of the experimental lane are shown 1n F1gs. 3A and 3B. Cleavage sites were designated strong or weak, based on band Intensity on the sequencing gels. The designation of "strong site" was also made dependent on the detectabiHty of a corresponding hand 1n the 3.5% acrylaraide gel system. Is lacking for several sites). For each sequence, the P element or flanking DNA coordinate of the -1 position nucleotide 1s given In the figure legend.
Each topoisomerase DNA cleavage event Involves breakage of both DNA strands to generate 4 base long 5'-protrud1ng ends. In the cleavage site sequences, no dyad symmetry axis 1s found that 1s coincident with the pseudosymmetry axis which relates the points of phophodiester bond breakage. Thus, the choice of which strand to use 1n aligning the sixteen strong cleavage site sequences will have an effect on the apparent level of homology between the sequences. The alignment shown 1n F1g. 4B was chosen by generating a preliminary consensus sequence and then maximizing the observed homology by choosing the strand which best fit the preliminary consensus sequence.
Inspection of the aligned sequences reveals that no unique sequence pattern 1s found In common between them. However, nucleotide preferences are evident near the site of phosphodiester bond cleavage. A tabulation of the preferred nucleotides Is shown In F1g. 4A; Included are all single nucleotides present at a frequency greater than 0.5, and all pyrimidine (Y) or puMne (P) pairs present at a frequency greater than 0.8 (1f no single nucleotide 1s above a frequency of 0.5 at that position). The single occurrence of A + T at a frequency of 1.0 1s also shown. A dot marks positions where no nucleotide preference Is observed. Sequences In F1g. 4B are printed 1n upper and lower case type; upper case Indicates a match with the preferred nucleotide(s) for that position.
When a random alignment of 16 sequence segments from pir25.1 Insert DNA 1s made, 1t 1s found that nucleotide frequencies of 0.5 or greater occur at a frequency of 2 per 10 nucleotides. This 1s also approximately the occurrence of preferred nucleotides 1n the tabulation of F1g. 4A 1n the regions +10 to +45 and -10 to -60. However, 1n the 20 nucleotide block surrounding the topoisomerase cleavage site, 11 preferred nucleotides are tabulated; 1n this local region the frequency of nucleotides satisfying 3) Weak sites and predicted cleavage sites were then analyzed for the presence of nucleotides which were excluded from strong cleavage sites, as noted above. These nucieotides, although present at low frequencies among the weak topoisowerase cleavage sites, are somewhat enriched 1n the weak sites with higher homology to the consensus sequence. Among the computer generated 11st of 84 putative cleavage sites, 26 also contained one of the nucleotides excluded from the strong cleavage sites. 16% (4 of 26) of these were actually cleaved as predicted, whereas 31% (18 of 58) of the predicted cleavages which did not contain the excluded bases were cleaved. Since DrosophUa topoisomerase II 1s a homodimer, It 1s of Interest to note the absence of a consistent dyad symmetry axis 1n the cleavage site sequences (several strong sites show some dyad symmetry; most show little or none). If the enzyme In Its 1n vivo functional role can act as a gyrase and catalyze supercoiHng 1n a directional manner, then at some level the DMA/enzyme Interaction must be asymmetrical. Asymmetry 1n the E. coll DNA gyrase DNA/enzynie complex has been previously described (10, 27, 28) .
The analysis of the DrosophUa topoisomerase II cleavage site sequences that 1s presented here shows that DNA sequence near the site of cleavage 1s a determinant for the specificity of the cleavage reaction. Sequences distal to the site of phosphodiester bond cleavage might also be Important for recognition, binding, and/or cleavage of the DNA by topoisomerase. However, sequence comparison of strong cleavage sites was extended from position -60 to +120, and no homologous regions were detected outside positions -10 and +10. A role for flanking sequence 1n determining sites of cleavage or rates of cleavage at specific sites Is not ruled out by this data. If the spacing between sequence segments recognized by the enzyme can vary, then alignment at one point of homology will tend to cause other homologies to be obscured.
Recently, evidence has been accumulating which Implicates type II manual1an topolsomerase as the target of several antitumor drugs, Including epipodopyllotoxins, elUptidnes, acridines, and anthrocyclines (29) (30) (31) (32) (33) (34) (35) . In tissue culture cells and Isolated nuclei these drugs Induce doublestrand breaks 1n DNA and covalent prote1n-DNA linkage (31) (32) (33) (34) (35) . In vitro studies show enhancement of cleavage efficiency by topolsomerase II 1n the presence of the drugs (29, 30) . We have tested the sensitivity of Drosophila topolsomerase II to several antitumor drugs and found 1t to be less sensitive than the manmalian enzymes which have been studied. Some stimulation of the DrosophUa topoisomerase II-med1ated cleavage 1s however seen 1n the presence of the acridine derivative m-AMSA, the epipodophyliotoxin VM-26, and elUpticine. These drugs will be useful for further study of topol somerase DNA cleavage 1n vivo, since they enhance cleavage efficiency. However, It will be necessary to rigorously determine that topolsomerase II uniquely mediates the double-strand DNA cleavage events, 1n order to study the site specificity of the In vivo cleavage reaction.
